Purpose: To compare the T staging of potentially resectable esophageal cancer using free-breathing radial VIBE (r-VIBE) and breath-hold Cartesian VIBE (C-VIBE), with pathologic confirmation of the T stage. Materials and Methods: Fifty patients with endoscopically proven esophageal cancer and indeterminate T1/T2/T3 stage by CT scan were examined on a 3-T scanner. The MRI protocol included C-VIBE at 150 seconds post-IV contrast, immediately followed by a work-in-progress r-VIBE with identical spatial resolution (1.1 mm × 1.1 mm × 3.0 mm). Two independent readers assigned a T stage on MRI according to the 7th edition of UICC-AJCC TNM Classification, and postoperative pathologic confirmation was considered the gold standard. Interreader agreement was also calculated. Results: The T staging agreement between both VIBE techniques and postoperative pathologic T staging was 52% (26/50) for C-VIBE, 80% (40/50) for r-VIBE for reader 1, and 50% (25/50), 82% (41/50) for reader 2, respectively. For the esophageal cancer with invading lamina propria, muscularis mucosae, or submucosa (T1 stage), r-VIBE achieved 86% (12/14) agreement for both readers 1 and 2. For invasion of muscularis propria (T2 stage), r-VIBE achieved 83% (25/30) for both readers 1 and 2, whereas for the invasion of adventitia (T3 stage), r-VIBE could only achieve agreement in 50% (3/6) and 67% (4/6) for readers 1 and 2, respectively. Conclusion: Contrast-enhanced free-breathing r-VIBE is superior to breath-hold CVIBE in T staging of potentially resectable esophageal cancer, especially for T1 and T2.
Introduction
Esophageal cancer remains one of the most lethal cancers [1] . It is listed as the sixth most common cancer, and it constitutes 5% to 7% of gastrointestinal cancers [2, 3] . In the management of patients with early-stage (T1 and T2) esophageal cancer, the longest disease-free survival could be achieved by surgical resection. Surgery is the first treatment for early (T1 and T2) esophageal cancer. More advanced (T3 and T4) patients may benefit from neoadjuvant chemoradiation prior to resection. Studies have shown that, in such cases, these patients have better survival than T3 patients undergoing resection alone [4] . Lund et al. [5] reported a 36% 5-year survival for T1 following surgical resection, and 5-year survival was much lower in patients with T2 and T3, with reported survival of 21% and 8%, respectively [4] . Therefore, preoperative T staging of esophageal cancer is critical in patient management and in determining survival.
One of the major challenges in determining the optimum treatment for patients with esophageal cancer is lack of precise preoperative staging guidelines/recommendations. The currently available noninvasive staging techniques include computed tomography (CT) of the chest and abdomen and endoscopic ultrasound. The reported overall T staging accuracy of CT is 50% to 80% as compared with 72% to 85% for endoscopic ultrasound [6, 7] . Fludeoxyglucose F 18 positron emission tomography has limitations in the preoperative staging of early esophageal cancer due to its lower spatial resolution but may be useful in detecting T4 stage [8] [9] [10] [11] . Although staging accuracy of endoscopic ultrasound is higher than both CT and positron emission tomography, it is considered invasive, is operator dependent, and may be of limited value in patients with nontraversable lesions.
Riddell et al. reported that a high-resolution T2-weighted fast spin-echo technique showed in exquisite detail the esophagus and posterior mediastinal structures on two cadavers who were imaged by 1.5 T magnetic resonance imaging (MRI) [12] . Another study using the same technique in 39 patients with esophageal cancer reported that this technique had high accuracy in differentiating between T2 and T3 disease but with a tendency to overstage T1 tumors [13] . The utility of conventional gradient echo T1-weighted sequences was explored because these sequences are faster than conventional spin-echo T2-weighted sequences and allow better contrast resolution after injection of gadolinium contrast [14, 15] . However, individual layers of the esophageal wall could still not be well identified. This is likely due to the posterior location of the esophagus in the mediastinum, in addition to motion artifacts resulting from breathing, heartbeat, swallowing, peristalsis, and magnetic susceptibility artifacts. These artifacts may result in poor delineation of the different layers of the esophageal wall on T1-weighted imaging.
Contrast-enhanced T1 W MRI is valuable in staging of esophageal cancer. However, obtaining motion artifact-free images of the esophagus with high spatial resolution is a challenge for conventional breath-hold Cartesian T1 W 3D gradient recalled echo sequences such as volumetric interpolated breath-hold examination (C-VIBE) [16] . For example, higher spatial resolution normally requires longer breath-hold capability, which is quite challenging for some patients, often resulting in poor image quality. The recently developed free-breathing radial VIBE (r-VIBE) sequence uses a stack-of-stars data acquisition scheme, which is less sensitive to motion compared with the Cartesian acquisition scheme in the conventional VIBE sequence [16] [17] [18] [19] [20] . Fujinaga et al. [16] concluded that free-breathing r-VIBE and breath-hold r-VIBE (and breath-hold C-VIBE) have similar high image quality in the liver. Azevedo et al. [21] showed Figure 1 . Examples of image quality (1 = poor, 2 = acceptable, 3 = average, 4 = good, 5 = excellent) for both C-VIBE (E-G: score 2-4) and r-VIBE (A-D: score 2-5). = tumor, mucosa (black arrow), muscularis propria (white arrow), and interrupted muscularis propria (thick black arrow).
that the free-breathing r-VIBE sequence is feasible for abdominal MRI and may be applicable in imaging of patients who are unable to suspend respiration, especially in children. Chandarana et al. [22] demonstrated that r-VIBE has better image quality and superior lesion conspicuity compared with C-VIBE in pediatric patients undergoing contrast-enhanced abdominopelvic MRI at 3 T. The aim of this study was to compare the accuracy of free-breathing radial VIBE (r-VIBE) and breath-hold Cartesian VIBE (C-VIBE) in T staging of patients with potentially resectable esophageal cancer undergoing preoperative MRI at 3 T.
Materials and Methods

Patients
Fifty consecutive patients (mean age, 57.4 ± 9.9 years; range, 31-78 years; 40 men, 10 women) with preoperative biopsy pathologically confirmed esophageal cancer by endoscopy and potentially resectable staging of T1/T2/T3 by CT scan were included. All patients had undergone an esophageal MR study between July 2014 and January 2015. Surgery was performed within 7 days after MRI. The institutional review waived the requirement of informed patient consent in this retrospective review of clinically indicated MRI studies.
Magnetic Resonance Imaging
All examinations were acquired on a 3-T MR scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) with an anterior 18-element body coil and posterior 32-element spine coil array. Raceanisodamine hydrochloride (6542) with a dose of 10 mg was injected intramuscularly 15 to 20 minutes before MRI to decrease peristalsis. An MR-compatible automated injector pump (Spectris Solaris EP; Medrad, Indianola, PA) was used to administer the contrast agent through a 20-gauge antecubital intravenous site. After injection of 0.1 mmol/kg body weight of a macrocyclic Gd-DOTA contrast agent (Dotarem; Guerbet, Paris, France) at 2.5 ml/s, a 30-ml saline chaser at the same injection rate followed. The routine MRI protocol covers the chest, with sequences including axial fat suppression (FS) T1-weighted imaging, axial, coronal, and sagittal T2-weighted imaging, axial diffusion-weighted imaging (DWI) with the b value of 0 and 700 s/mm 2 , and axial postcontrast FS T1-weighted imaging in the arterial and venous phases. After the routine MRI protocol, a breath-hold C-VIBE sequence and a work-in-progress r-VIBE sequence with radial data sampling were acquired. Both sequences had identical spatial resolution (1.1 mm × 1.1 mm × 3.0 mm). Detailed sequence parameters are listed in Table 1 . r-VIBE and C-VIBE sequences were sequentially acquired in the delayed phase which started 80 and 450 seconds after contrast injection, respectively. All studies were considered diagnostic, and no patients were excluded due to technical limitations.
T Staging and Image Quality Evaluation
The C-VIBE (four subsets: water, fat, in-phase, and out-phase) and r-VIBE images were evaluated independently by two blinded radiologists with 8 and 6 years of experience in body MRI. The radiologists were aware of the diagnosis of esophageal cancer but were unaware of the patients' pathologic T staging. In the evaluation of C-VIBE images, the water images were reviewed for invasion of mucosa and muscularis propria, where the water, fat, in-phase, and out-phase subset images were reviewed side-by-side for the invasion of or breaking through adventitia. The C-VIBE and r-VIBE images were assessed in two different sessions 2 weeks apart to minimize recall bias. Each reader assessed image quality (1 = poor, 2 = acceptable, 3 = average, 4 = good, 5 = excellent) for both C-VIBE and r-VIBE (Figure 1 ). Radiologists also documented the extent of involvement of the esophageal wall layers, and T staging was reported according to the staging criteria for EC [13, 23] (Figure 2 ). These include T1: tumor invades mucosa with lower-signal tumor and high-signal mucous layer remaining ring-like intact; T2: tumor invades muscularis propria with lower-signal tumor interrupting the high-signal mucous layer and invading muscularis propria, but without breaking through muscularis propria; T3: tumor invades adventitia with tumor, and mucous layer and muscularis propria are blurred; and T4: tumor invades adjacent structures with lower-signal tumor invading adjacent structures. T staging using the r-VIBE and C-VIBE images was compared to postoperative pathologic T staging.
Statistical Analysis
Statistical analyses were performed using SPSS 18.0, and P .05 was considered statistically significant. The interreader agreement for r-VIBE and C-VIBE, and the T staging agreement between both VIBE techniques and postoperative pathologic T staging were analyzed by a Kappa test. Agreement in terms of Kappa values was as follows: b0.40 is poor agreement, 0.41 to 0.75 is moderate/good agreement, and N0.75 is excellent agreement. Patients were stratified into early (T1 and T2 tumors) and advanced (T3 and T4 tumors), and the staging accuracy was calculated.
Results
The patient population consisted of 50 individuals (mean age, 57.4 ± 9.9 years; range, 31-78 years; 40 men, 10 women). Postoperative pathology showed esophageal squamous cell carcinoma in 42 cases and adenocarcinoma in eight cases. Fourteen cases were T1, 30 cases were T2, 6 cases were T3, and no case was T4. For reader 1, image quality was considered as good or excellent in 6/50 cases and 40/50 cases for C-VIBE and r-VIBE, respectively. For reader 2, image quality was considered as good or excellent in 8/50 cases and 40/50 cases for C-VIBE and r-VIBE, respectively ( Figure 3 ). The interreader agreement was excellent for both r-VIBE (Kappa = 0.933, P 0.001) and good for C-VIBE (Kappa = 0.704, P 0.001). The T staging agreement was good between r-VIBE and postoperative pathologic T staging for both readers, and poor between C-VIBE and postoperative pathologic T staging for both readers ( Table 2 ). The T staging agreement between both VIBE techniques and postoperative pathologic T staging was as follows: 52% (26/50) for C-VIBE and 80% (40/50) for r-VIBE for reader 1, and 50% (25/50) for C-VIBE and 82% (41/50) for r-VIBE for reader 2, respectively (Figures 4-6) . Comparison between radiologic and pathologic T staging for both readers using C-VIBE is shown in Table 3 . Accuracy ranged between 33% and 60% for the two readers. Comparison between radiologic and pathologic T staging for both readers using r-VIBE is shown in Table 4 . Accuracy ranged between 50% and 86% for the two readers.
Cases were stratified into two groups based on pathologic T stage. The first included early disease (T1 and T2), and the second included more advanced disease (T3 and T4). Accuracy for each reader in assigning the cases into the two main groups is shown in Table 5 . Both readers had higher accuracy for T1/T2 stage using r-VIBE compared to C-VIBE. For T3/T4, reader 1 had lower accuracy using r-VIBE compared to C-VIBE, whereas accuracy for reader 2 was equal for both techniques.
Discussion
To our knowledge, this is the first report of feasibility and clinical application of radial 3D fat-suppressed T1-weighted postcontrast acquisition in esophageal cancer. Our study showed that contrastenhanced free-breathing r-VIBE is superior to conventional contrastenhanced breath-hold C-VIBE technique for the accuracy of early (T1/T2) staging of esophageal cancer. In all cases, image quality of r-VIBE was higher than that of C-VIBE, with minimal artifacts reported by both readers. The main distinct advantage of r-VIBE is a significantly lower sensitivity to motion. The phase error introduced by motion in Cartesian sampling as used in C-VIBE is eliminated when sampling k-space along radial spokes, each with different readout direction. Therefore, motion artifacts present in the images as radially oriented streaks or mild blurring. Furthermore, the overlap of the radial spokes in the center of k-space has a time-averaging effect that additionally reduces the sensitivity to motion and flow [24] . As we observed, r-VIBE acquisition results in significantly lower pulsation artifacts compared to breath-hold C-VIBE. These results are consistent with published studies which have demonstrated that radial schemes can improve image quality for 3D gradient echo of abdominopelvic imaging, pediatric imaging, and head and neck imaging [25, 26] .
For the T1 stage esophageal cancer, r-VIBE achieved 86% (12/14) agreement for both reader 1 and 2. However, in two cases, both readers overcalled mucosal interruption and called these cases T2. For invasion of muscularis propria (T2), r-VIBE achieved 83% (25/30) for both reader 1 and 2. Careful evaluation of the three cases for reader 1 and two cases for reader 2 of underestimated staging (T2-N T1) showed that this staging is interfered by the hyperintense vessel close to the esophagus, where the hyperintense vessel was considered as enhanced mucosa. Considering the different enhancement property of muscularis propria and mucosa, the underestimated staging could be corrected by using a dynamic free-breathing golden-angle radial sparse technique (GRASP) with higher temporal resolution. For the overestimated staging (T2-N T3), in two cases for reader 1 and three cases for reader 2, this overstaging might be due to the current protocol limitation (such as the spatial resolution, slice thickness with 3 mm, contrast) in depicting the very thin adventitia. Therefore, an r-VIBE protocol with higher in-plane spatial resolution and thin slice thickness might improve the accuracy of staging this case.
In the evaluation of invasion of the adventitia (T3 stage), r-VIBE correctly staged the tumor in 50% (3/6) and 67% (4/6) for reader 1 and 2, respectively. For all the remaining cases, the tumor was underestimated by r-VIBE. A possible explanation for tumor underestimation and overestimation is limited spatial resolution of r-VIBE that may lead to suboptimum tumor definition. A higher spatial resolution r-VIBE might be helpful for assessing invasion of the adventitia.
It is very important to accurately perform staging pretreatment, differentiating T1 to T2 from T3 to T4 of esophageal cancer. In the current study, we stratified patients into two groups based on the T stage. The early group included T1 and T2, whereas the advanced group included T3 and T4. This stratification is important because early stages are treated surgically, whereas late stages are treated by radiation and/or chemotherapy. r-VIBE showed higher accuracy of identification of T1-T2 as compared to C-VIBE which overestimated the T1 to T2 and T3 to T4 with 12 and 11 cases for reader 1 and reader 2, respectively. Increasing motion artifacts on C-VIBE may result in blurring of the esophageal contour and overestimating the T stage. T3 staging, however, was still limited for reader 1. This may be due to sample size limitations. The major obstacle is that the very thin adventitia is not easily visible in the current delayed-phase r-VIBE and C-VIBE protocol. With dynamic imaging after contrast administration, it might be possible to improve the contrast of the adventitia during the time course of contrast uptake. Therefore, a higher spatial and temporal resolution/dynamic T1 W gradient recalled echo protocol (such as GRASP) might improve the T3 staging.
The interreader agreement was excellent for r-VIBE (Kappa = 0.933, P .001) and good for C-VIBE (Kappa = 0.704, P .001), which reveals that r-VIBE delivers a reliable and consistent result over C-VIBE. The reason might be that r-VIBE is less sensitive to motion.
It should be noted that the scan time for r-VIBE (354 seconds) is much longer than breath-hold C-VIBE (9 seconds). Therefore, image quality and signal-to-noise ratio comparisons between the two techniques may be difficult. However, the aim of this study was to evaluate the accuracy of T staging of both techniques instead of signal-to-noise ratio. For the breath-hold C-VIBE, the acquisition time is limited by the patient's breath-hold capability. In this study, with the introduction of CAIPIRIHNA parallel imaging [27] , the 9-second breath-hold C-VIBE is optimized for its routine usage. For the r-VIBE acquisition, 1704 radial views were used, which are not well optimized. Our recent and preliminary evaluations show that images acquired using only 600 radial views (~2-minute acquisition time) are, in fact, sharper than those reconstructed from 1704 views due to reduced motion blurring in the shorter acquisition time.
The limitations of this study included only six cases with T3 and no cases with T4. Because these cases were clinically indicated, none of the advanced T4 stages were indicated for surgery as the treatment of choice is neoadjuvant chemoradiation. Secondly, the acquisition of r-VIBE is static, which is lacking the illustration of contrast enhancement property of different layers; however, the contrast between different layers of the esophagus wall is expected to be improved by the high temporal resolution of improved r-VIBE. For example, future studies utilizing GRASP could potentially be performed [16, 20] . Thirdly, nodal staging was not included in this preliminary study. The area of coverage in this study was approximately 6 cm due to technique limitation, so it was inadequate to assess for N stages. A further limitation is that the parameters TR/TE/FA are not the same for both VIBEs. TR/TE is configured to minimize scan time with acceptable image quality, and C-VIBE has been optimized for its image quality. Additional restrictions on TR apply because the Dixon method is used for the fat suppression in C-VIBE. r-VIBE is configured with minimized acquisition time for each view. The TE setting in r-VIBE was approximating the out-of-phase condition, and there was a potential that the contour of the tumor and the esophagus was misdiagnosed due to a hypointense band by partial volume effect. It should be noted that the surrounding fat may also help to improve the T-stage of T3/T4a tumors. Therefore, the evaluation of T3/T4a tumors considers the Dixon fat, out-phase, and in-phase images. However, in all our T3/T4a cases, there is no fat surrounding, but it is worth to further evaluate it by including more T3/T4a patients.
Conclusion
Contrast-enhanced r-VIBE showed a promising sight for esophageal cancer staging not only for the esophageal cancer in mucosa but also invasion of muscularis propria. It outperformed the C-VIBE for T1/ T2 staging, while being limited in T3 staging.
